Transient chlorine concentration profiles were measured in biofilms during disinfection by use of a microelectrode developed for this investigation. The electrode had a tip diameter of ca. 10 ,um and was sensitive to chlorine in the micromolar range. The biofilms contained Pseudomonas aeruginosa and KkbsieUla pneumoniae. Chlorine concentrations measured in biofilms were typically only 20%v or less of the concentration in the bulk liquid. Complete equilibration with the bulk liquid did not occur during the incubation time of 1 to 2 h. The penetration depth of chlorine into the biofilm and rate of penetration varied depending on the measurement location, reflecting heterogeneity in the distribution of biomass and in local hydrodynamics. The shape of the chlorine profiles, the long equilibration times, and the dependence on the bulk chlorine concentration showed that the penetration was a function of simultaneous reaction and diffusion of chlorine in the biofilm matrix. Frozen cross sections of biofilms, stained with a redox dye and a DNA stain, showed that the area of chlorine penetration overlapped with nonrespiring zones near the biofilm-bulk fluid interface. These data indicate that the limited penetration of chlorine into the biofilm matrix is likely to be an important factor influencing the reduced efficacy of this biocide against biofilms as compared with its action against planktonic cells.
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Biofouling is the detrimental development of biofilms in engineered systems, such as industrial process equipment, drinking water distribution systems, and ship hulls. Biofilms can decrease heat transfer in heat exchangers, increase the pressure drop in pipelines (5, 14) , and enhance corrosion (10, 14) and may be a source of bacterial contamination of drinking water (4) . Biofilms are a nuisance in these systems, and control of their development may be necessary to maintain process efficiency and safety. Biofilm control is often performed with biocides, of which the most commonly used is chlorine, a strong oxidizing agent and disinfectant. Biocides are much less effective against biofilms than suspended cells (6, (11) (12) (13) 15) . Cells in biofilms are protected from biocide action and are killed only at biocide concentrations orders of magnitude higher than necessary to kill suspended cells. It has been speculated that the lower sensitivity of biofilm cells to biocides is due to differences in the physiological state associated with lower growth rate (3) . Alternatively, biocides may not reach the cells as a result of diffusional resistance of the biofilm matrix (7) or neutralization of the biocide inside the matrix (15, 18) .
The objective of this study was to determine biocide penetration into a microbial biofilm during biocide treatment. Direct concentration measurements in biofilms can be achieved with high spatial resolution by use of microelectrodes, as shown for oxygen (9, 17) , pH (9, 17) , sulfide (17) , nitrate (9) , and ammonium (9) . These needle-shaped sensors have a tip diameter of 1 to 10 jim, which prevents disruption of the biofilms during measurements. We developed a microsensor for chlorine and compared measurements of biocide penetra-tion with previously developed methods to assess biocide action in biofilms.
MATERIALS AND METHODS
Biofilm growth. Biofilms were developed in a continuousflow annular reactor that incorporated 12 removable stainlesssteel slides to permit sampling of the biofilms growing on them. Binary population biofilms of Pseudomonas aeruginosa and Kiebsiella pneumoniae were developed by inoculating the reactor with frozen stock cultures, incubating the cultures in batch mode for 24 h, and then initiating flows to sustain continuous culture as described previously (6) . Experiments were performed with 1-week-old biofilms having a maximal thickness of 150 to 200 ,um.
Chlorine microelectrode preparation. The microelectrode was patterned after an oxygen microelectrode (17) , modified to obtain a miniaturized version of a chlorine macroelectrode (2) . The cathode was made from 100-,um-diameter platinum wire, of 99.99% purity, that was tapered to a fine tip (less than 1 jim) on one end and sealed in a glass capillary as described previously (17) . Before applying the glass coating, the wire was rinsed in distilled water and acetone and dried with a hot-air gun. After the platinum tip was exposed by grinding (17) During the experiments, the chlorine concentration in the bulk was measured regularly with a colorimetric test kit (model CN-66; Hach Co.). The accuracy of this assay was estimated to be ± 15% by comparison with the N,N-diethyl-p-phenylenediamine (DPD) colorimetric method (1) . Plate counting. After the microelectrode experiments were done, half of the slide covered with biofilm was used for determination of the decrease in viable cell number by plate counts. Slides were removed from the flow cell, and the biofilms were scraped into 100 ml of phosphate-buffered saline, homogenized, and spread plated on R2A agar medium in triplicate (11) .
Microscopic examination of cross-sectioned biofilms. After the microelectrode experiments were done, the region where the microprofiles were recorded was subjected to microscopic examination. An area of ca. 0.5 cm2 was incubated for 2 h with 5-cyano-2,3-ditolyl tetrazolium chloride (CTC; Polyscience) to stain actively respiring cells (20) and counterstained for 0.5 h with 4',6-diamino-2-phenylindole (DAPI; Sigma) to stain both live and dead cells. The biofilm was cryoembedded and cryosectioned as described previously (19) . The cross sections were examined with an Olympus BH-2 microscope with a DPlanApo 20 UV objective. The excitation wavelength used for DAPI was 360 nm, and for CTC, it was 545 nm.
RESULTS
The chlorine microelectrodes used in this investigation showed a linear response towards chlorine up to a concentration of 7.5 mM, the highest concentration tested. As A time series of microprofiles recorded at a bulk concentration of 0.062 mM chlorine showed a gradual penetration of chlorine in the biofilm ( Fig. 2A) . Even after 105 min, however, chlorine remained depleted in the biofilm interior. The inflection point of the concentration profile moved in the direction of the substratum; it travelled ca. 70 jim in 105 min. Duplication of this experiment showed similar results (Fig. 2B) (Fig. 3A) , but in another location, 3 min was required (Fig. 3B) . Especially in the experiments with high chlorine concentrations, the chlorine bulk concentration consistently increased during the measurements. This is probably because the chlorine demand of the system decreased by reaction of the available reducing equivalents with chlorine.
The variation in penetration rates in comparable biofilms under comparable conditions is clearly demonstrated in Fig. 4 Microscopic images of cryoembedded cross sections of biofilms stained with both CTC and DAPI are shown in Fig. 5 trodes is also necessary to protect the catalytic surface from adhering cells and proteins as well as to reduce the stirring sensitivity by imposing a diffusive resistance in the microelectrode larger than the external diffusive resistance. DePeX, the coating commonly used for 02 microelectrodes (17), is not permeable for chlorine. Cellulose acetate is hydrophilic and permeable for both 02 and chlorine. At -0.7 V, both 02 and chlorine are reduced; 02 selectivity is then achieved by the coating. At +0.2 V, oxygen is not reduced, but chlorine still reacts at the electrode. Also, other strongly oxidized compounds may be reduced, such as monochloramine and Br2. Monochloramine, a potential interfering species, is formed upon oxidation of ammonium by chlorine. However, since no ammonium is present in the medium, the source for monochloramine formation is limited to biomass. Moreover, the sensitivity of the electrodes for monochloramine is much lower than for chlorine; therefore, its influence on the measurements is expected to be minimal.
pH profiles in the biofilm will influence the chlorine measurements because of the pH sensitivity of the microelectrode. Possible reactions that may induce a pH change are the microbial conversion of glucose and the oxidation of biomass by chlorine. Both reactions will decrease the pH and thus lead to an overestimation of the chlorine concentrations in the biofilm. Consequently, the pH sensitivity does not undermine the conclusion that the chlorine concentrations in biofilms are low. The magnitude of the pH decrease due to chlorine reduction can be estimated from the produced acid concentration in the biofilm and the alkalinity balance. The maximal possible acid concentration difference between the bulk and the point of chlorine exhaustion inside the biofilm is calculated from the stoichiometry and diffusivity of the mobile reactants (chlorine and protons) by using the formula P = DChlYSO1D , where P is the maximal acid concentration, Y is the acid yie6i on chlorine (moles per mole), SO is the chlorine concentration in the bulk, DChl is the chlorine diffusion coefficient (1.44 x 10'-m2/s [16] ), and D. is the diffusion coefficient of the acid product. The diffusion coefficient of the product (protons) was assumed, most conservatively, to be equal to that of hydrogen phosphate. From the alkalinity balance, it was estimated that the maximal pH shift in the biofilm was 0.3 pH unit at a chlorine bulk concentration of 0.42 mM, 0.2 unit at a bulk chlorine concentration of 0.28 mM, and 0.05 unit at a chlorine concentration of 0.07 mM. In Fig. 1B , it can be seen that the signal increase around pH 7.0 is ca. 30% per pH unit. This means that the overestimation of the chlorine concentration in the biofilm, due to the pH sensitivity of the microelectrode, was less than 6% for the highest applied chlorine concentrations, while for most measurements, the overestimation was less than 2%.
The transient chlorine microprofiles show a slow chlorine penetration into the biofilm, with a rate depending on the chlorine bulk concentration. The sigmoidal shapes of the profiles are characteristic for a substrate that is diffusing into a matrix where it is consumed. At the inflection point, no significant discontinuity is present, indicating that the diffusivity inside the biofilm is close to that in the bulk phase. If chlorine were diffusing only and not reacting within the biofilm, it would eventually fully penetrate the biofilm at the bulk concentration. The time necessary to reach a chlorine APPL. ENVIRON. MICROBIOL. ca. 100 p.m, the total diffusive pathlength was 250 to 300 p.m; assuming D,hl is 1.44 x 10-9 m /s (16) , it can be calculated that equilibrium will be reached within 1.5 to 2 min. The actual equilibration time appeared to be concentration dependent and, even at the highest concentration tested, exceeded 60 min. Consequently, the limited penetration is not due simply to transient diffusion but is caused by neutralization of the chlorine in the biofilm matrix.
The two possible substrates for chlorine reduction are glucose from the bulk liquid and biofilm material. The chlorine fluxes, calculated from the microprofiles by using Fick's first law, ranged from 2.2 x 10-7 to 2.9 x 10-6 mol/m2-s. The maximum glucose flux can be estimated by assuming the biofilm surface concentration is zero and the boundary layer is the same as that for chlorine (100 to 400 pum). By using a diffusion coefficient of 6.7 x 10-9 m2-s, the calculation results in a maximum possible glucose flux of 4 x 10-9 mol/m2-s, 2 orders of magnitude below the lowest measured chlorine flux. Moreover, a 200-fold increase in the glucose concentration did not reduce the chlorine penetration. Consequently, the biofilm matrix material itself, consisting of cells and extracellular polymeric substances, is the substrate for chlorine neutralization.
Comparison of the cross sections and chlorine microprofiles leads to the conclusion that decreased action of chlorine against biofilms is due to limited penetration stemming from a reaction-diffusion interaction. The microprofiles show that, after exposure to 2.5 ppm of chlorine for 1 h, only the upper 100 p.m of the cell clusters is penetrated by chlorine. This correlates reasonably well with the microscopic images showing that the top half of the cell clusters have lost their respiratory activity. Exposure to very high chlorine concentrations leads to complete penetration of biocide and also stops the respiratory activity in the whole biofilm.
The finding that chlorine is reduced in the biofilm matrix allows calculation of chlorine profiles in the biofilm by use of a reaction-diffusion model such as those conventionally used for modeling of substrate and product profiles. It should be noted that a one-dimensional model, calculating profiles in the direction perpendicular to the substratum only, may underestimate the chlorine transport rate into the biofilm. The biofilms contained voids that will act as transport channels at high liquid velocity (8) . Consequently, lateral chlorine gradients will also develop, leading to increased exchange with the bulk liquid.
The microprofiles show the presence of a significant mass boundary layer, which is the zone in the near vicinity of the biofilm where the concentration gradually changes from the bulk level to the concentration at the biofilm surface. The chlorine concentration at the biofilm surface was 20 to 30% of the bulk concentration; thus, external mass transport resistance is significant under the experimental conditions. The mass boundary layer thickness is negatively correlated to the liquid velocity; consequently, the efficacy of biocide treatment can be strongly improved by imposing higher liquid velocities. Indeed, experiments performed in an annular reactor, with liquid velocities of ca. 1 m/s, showed much higher chlorine efficacy. The (6, 11) .
Their fragility and noise sensitivity makes chlorine microelectrodes unsuitable for routine measurements in the field. However, it is a reliable tool for fundamental studies of biocide mass transport phenomena in biofilms.
